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Abstract
This paper argues that the effect of Hawking radiation on an astro-
physical black hole situated in a realistic cosmological context is not total
evaporation of the black hole; rather there will always be a remnant mass.
The key point is that the locus of emission of Hawking radiation is not
the globally defined event horizon. Rather the emission domain lies just
outside a timelike Marginal Outer Trapped Surface that is locally defined.
The emission domain is mainly located inside the event horizon. A space-
like singularity forms behind the event horizon, and most of the Hawking
radiation ends up at this singularity rather than at infinity. Whether any
Hawking radiation reaches infinity depends on the relation between the
emission domain and the event horizon. From the outside view, even if
radiation is seen as always being emitted, the black hole never evaporates
away, rather its mass and entropy asymptote to finite non-zero limits, and
the event horizon always acts as a sink for matter and information. From
an inside view, the matter and information disappear into the singular-
ity, which is the boundary of spacetime. The argument is based on the
nature of the processes at work plus a careful delineation of the relevant
causal domains; in order to confirm this model and determine details of
the outcome, detailed calculations of the expectation value of the stress-
energy-momentum tensor are needed to determine back reaction effects.
1 Introduction
This paper is about the final state of astrophysical black holes forming from
the collapse of a single astrophysical object. A current view [22] with many
proponents is that in these circumstances, a singularity forms and is hidden by
an event horizon, that is, a black hole comes into being, but then the blackhole
completely evaporates away within a finite time due to Hawking radiation ([16],
[4]). But there are other views.
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According to Matt Visser (private communication), there are 3 basic scenarios
for what will happen:
1. complete evaporation with a regular endpoint,
2. partial evaporation terminating in a stable remnant,
3. partial evaporation terminating in a naked singularity.
None of these options has been completely conclusively ruled out, however the
first is the prevalent view. The conclusion of this paper is that it is the second
that in fact occurs: the black holes that form as the final state of collapsing
stars are eternal rather than evaporating completely away, as usually supposed.
As energy is radiated away, the surface r = 2m(u) where u is a time coordi-
nate along it and m the interior mass, does not stay at the same r−coordinate
value because dm/dt < 0; it moves inwards, and consequently is not a null sur-
face. Thus it lies in the interior of the event horizon. It is a timelike marginally
outer trapped 3-surface (to be called the EMOTS), a dynamical horizon [1] that
lies inside the event horizon and whose location is locally determined.
The key point of the argument is that Hawking radiation carries mass away
from the EMOTS surface, rather than from the event horizon. More precisely,
Hawking radiation is emitted from an Emission Domain that is locally deter-
mined [45] and lies just outside the EMOTS ([33], [9]).
Hawking radiation emitted from the Emission Domain at late collapse times
ends up at the future singularity inside the event horizon, rather than at infin-
ity. Indeed the existence of that future singularity is inevitable because of the
creation of closed trapped surfaces due to the focusing of this outgoing radiation
by Cosmic Microwave Background (CMB) radiation.
There is a second marginal outer trapped 3-surface (the OMOTS) that is
spacelike and lies outside the outgoing initial null surface generated by the initial
marginally trapped 2-surface (the IMOTS) that marks the onset of black hole
dynamics. The OMOTS surface is also locally determined; it moves outwards
with time because of incoming Cosmic Microwave Background radiation, and
because of backreaction from Hawking radiation. Because it bounds the trapped
domain in spacetime, it determines the outside edges of the future singularity.
Thus it non-locally determines the location of the event horizon. It is a dynam-
ical horizon whose properties characterise the mass and angular momentum of
the interior body.
The final state of the black hole is a spacelike singularity that never evapo-
rates, situated in an asymptotically flat empty spacetime. It is surrounded by
an event horizon lying outside the OMOTS surface. The OMOTS surface is
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located at r = 2mfinal, given by
mfinal = m0 −∆memit (1)
where m0 is the initial star mass, ∆memit ≥ 0 being the mass that succeeds in
escaping to infinity before the radiation emission surface disappears behind the
event horizon, and mfinal > 0. This suggests a Third Law of black hole thermo-
dynamics for uncharged black holes: it is not possible for radiation processes to
reduce the entropy of a black hole to zero. ∆memit may or may not be non-zero;
this depends on the relation between the emission surface and the event horizon.
The information loss paradox ([18], [28]) is resolved by the resulting global
spacetime structure because, as seen from the exterior, a remnant mass mfinal
given by (1) is left over at all times and does not evaporate away. As seen
from the interior, microstates fall into the future singularity and are lost there;
they are no longer accessible to ordinary physics, because they have reached the
boundary of spacetime. When that happens there is no longer an open domain
within which local physical laws can be formulated. Unbounded tidal forces
will also occur. This transition to a state of either non-existence, or at least
being unable to interact, does not conserve energy (indeed energy is no longer
defined) and is therefore clearly a non-unitary process. Of course in practice
quantum gravity will come into play and determine what happens; but this will
be happening in a domain that has no causal contact to the external universe,
because it is behind the event horizon.
The paper considers these issues in the case of a single black hole with spher-
ical symmetry, where the relevant exterior solution is an exterior Schwarzschild
solution surrounding the single collapsing mass. The result is probably stable
in the case of more general geometries such as rotating black holes, perturbed
black holes, and if there are later infalling shells of matter. The paper does not
consider multiple black holes or black hole collisions. Because it considers only
astrophysically relevant situations, it also does not consider charged black holes.
The argument is largely geometrical and heuristic, based on the idea of
particle emission as presented for example by Parikh and Wilczek [33]. Paul
Davies, Malcolm Perry and Gary Gibbons have however emphasized to me that
the idea of a particle is questionable in the context considered; there is no simple
correlation between particles and the stress-energy-momentum in general, and
the particles that an observer detects depend on the observer’s world line as
well as the quantum state. Additionally the notion of a particle is an observer
dependent one. The thing that is objective is the energy momentum tensor
which one might hope can incorporated into a self-consistent scheme a bit like
Hartree-Fock. Paul Davies writes (private communication)
“The fate of the black hole depends on the back reaction of the emis-
sion process, which will be described by the semi-classical Einstein
equation (or one’s favourite variant thereof) with a source term on
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the right being the expectation value of the stress-energy-momentum
tensor. (Issues arise about the consistency of this semi-classical
treatment, but most people feel those issues become serious only as
the Planck mass is approached).”
In summary, a particle view may be misleading; the only important quantity in
calculating the back-reaction is the expectation value of the energy-momentum
tensor.
Given these comments, perhaps much of the paper must be taken as heuris-
tic only, aimed at motivating work on the full quantum field theory calculations
that can test and develop what is presented here. Nevertheless I believe what
is presented may be a reasonable guide to the possibilities. It hinges on two
key features: location of the Marginally Trapped surfaces; and location of an
effective Emission Surface. The first is purely geometrical, and will be valid
whenever we can expect a classical geometry to emerge. The second is certainly
based in particle ideas, but because of the above comments, I have given pro-
posed definitions of an Emission Domain and an Emission Surface, based in the
energy momentum tensor. Thus these should be valid even when the particle
idea is not. The issue then is where they lie, because that determines where the
radiation ends up.
An outline of the paper is as follows. Section 2 looks at classical black hole
formation, and Section 3 at the current canonical semi-classical picture. Section
4 proposes a new semi-classical picture where the dynamical effects of mass loss
on trapping surfaces are properly taken into account, and Section 5 explores
the causal nature of the eternal black holes that result. Section 6 looks at
the implications firstly for black hole thermodynamics, proposing a new third
law for uncharged black holes; secondly for astrophysics; and thirdly for the
information loss paradox, which is resolved by this proposal because the black
hole never radiates totally away. Section 7 considers further work that needs to
be done to check and develop this proposal.
2 Classical black hole formation
In the case of classical general relativity, spherical gravitational collapse of an
astrophysical object of sufficient mass will lead to formation of a MOTS 3-surface
and consequently trapped surfaces and a black hole will develop, characterised
by existence of a singularity and an event horizon that hides it from the outside
world ([35],[21],[22]). The singularity is spacelike and the mass of the black hole
is unchanging: it is equal to the mass of the infalling star that created it.
2.1 Null geodesics and trapping surfaces
The analysis depends on the propagation of radiation and nature of trapping
surfaces for null geodesics.
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2.1.1 Null geodesics
Radiation propagates on irrotational null geodesics with affine parameter λ and
tangent vector ka(λ):
ka =
dxa
dλ
, kak
a = 0, ka;bk
b = 0. (2)
The divergence θˆ of a bundle of these geodesics, given by θˆ = ka;a, determines
how the cross sectional area A(λ) of the bundle changes:
1
A
dA
dλ
=
1
2
θˆ. (3)
The rate of change of θˆ down the null geodesics is given by the null Raychaud-
huri equation ([21]; [22]:12):
dθˆ
dλ
= −θˆ2 − 2σˆij σˆij −Rabkakb (4)
where σˆij is the shear of the null geodesics, and the Ricci tensor Rab is deter-
mined pointwise by the Einstein field equations.
2.1.2 Trapping 2 surfaces
The growing gravitational field of a collapsing star tends to hold light in, hence
decreases the divergence θˆ+ of the outgoing null geodesics in a spherically sym-
metric spacetime for any 2-sphere S(r, t) := {r = const, t = const} as r de-
creases. The divergence θˆ− of the ingoing null geodesics is always negative;
the divergence θˆ+ of the outgoing geodesics is positive in flat space, as well as
in a Schwarzschild solution for r > 2m. A marginally trapped outer 2-surface
SMOTS occurs when the gravitational field due to the central mass is so large
that divergence θˆ+ of the outgoing geodesics vanishes.
Definition: Marginally Outer Trapped 2-Surface (SMOTS).
A spacelike 2-sphere is said to be a Marginally Outer Trapped 2-
Surface if the expansion θ+ of the outward null normal vanishes:
θˆ+(SMOTS) = 0. (5)
This will happen in a Schwarzschild solution when r
MOTS
= 2m. For smaller
values of r, the 2-spheres S(r, t) lying at coordinate values r, t will be closed
trapped surfaces SCTS : that is,
r
CTS
< 2m⇒ θˆ+(SCTS) < 0. (6)
Then if the energy condition
Rabk
akb ≥ 0 (7)
is satisfied, by (4) the outgoing null geodesics from SCTS will converge within a
finite affine distance ([22]:13) and so will lie in the interior of the future of SCTS
([22]:14). As these geodesics bound the causal future of the 2-sphere SCTS ,
this future will then be confined to a compact spacetime region, which implies
a spacetime singularity must occur in the future of SCTS ([35]; [21]; [22]:28).
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2.1.3 Trapping 3-surfaces
We generalise the definition of dynamical horizons by Ashtekar and Krishnan
[1] by removing the restriction that it be a spacelike surface. Thus,
Definition: Dynamical Horizon. A smooth, three-dimensional
sub-manifold H in a space-time is said to be a dynamical horizon if
it is foliated by a preferred family of 2-spheres such that, on each
leaf S, the expansion θ(`) of one null normal `a vanishes and the
expansion θ(n) of the other null normal na is strictly negative.
Consequently a dynamical horizonH is a 3-manifold which is foliated by marginally
trapped 2-spheres. On this definition, such 3-surfaces can be timelike, space-
like, or null, with rather different properties. The essential point is that they
are locally defined, and therefore are able respond to local dynamic change. You
don’t need to know what is happening at infinity in order to determine a local
physical effect.
Dynamical horizons are Marginally Outer Trapped 3-Surfaces (MOTS). The
expansion θ(`) of the outgoing null normal `a vanishes on the MOTS, and is
either positive in the outside region, when it will be called an OMOTS, or neg-
ative, when it will be called an EMOTS. The two different kinds of MOTS
surfaces have crucially different properties. An OMOTS is the outer bound of
a trapping domain; an EMOTS is the inner bound. This difference can be ex-
pressed in terms of derivatives of the divergence θˆ of the outgoing null geodesics.
As in [1], consider outgoing null geodesics to the 2-spheres S(v, r) with tangent
vector `a, and ingoing null geodesics with tangent vector na. Then the MOTS
3-surfaces, defined by θ(`) = 0, are associated with the gradient of θ(`) in the
na direction, which determines if the MOTS 3-surface is timelike or spacelike as
follows [1] (for a proof, see [11]: Section IIB).
MOTS 3-surface ∂θ(`)/∂n
a : Nature: Trapped region :
EMOTS ∂θ(`)/∂n
a > 0 timelike Inner bound
OMOTS ∂θ(`)/∂n
a < 0 spacelike Outer bound
Table 1: Relation between trapping properties and causal character of non-
null MOTS 3-surfaces.
In the case of a null MOTS, ∂θ(`)/∂n
a can have either sign, as can be seen
from the maximally extended Schwarzschild solution, or indeed can vanish, as
can be seen from plane wave solutions. Thus a null MOTS can be either an
EMOTS or an OMOTS.
2.2 Eternal Black Holes: The Schwarzschild solution
Eternal black holes are described by the maximal extension of the Schwarzschild
spherically symmetric vacuum solution, characterised by its mass m.
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2.2.1 Coordinates and metric
The exterior part (r > 2m) is given in standard spherical coordinates by [21]
ds2 = −(1− 2m
r
)dt2 +
dr2
(1− 2mr )
+ r2(dθ2 + sin2 θdφ2). (8)
Proper time along a timelike world line {r = const, θ = const, φ = const} for
r > 2m is given by
τ =
∫ √
(1− 2m
r
)dt. (9)
Incoming radial null geodesics obey{
ds2 = 0, dθ = dφ = 0
}⇒ ∫ dt = ∫ dr
(1− 2mr )
. (10)
With (9), this immediately gives the gravitational blueshift z for incoming ra-
diation from infinity:
ν(r)
νE
=
√
1− 2m/rE
1− 2m/r →
ν(r)
ν∞
=
√
1
1− 2m/r (11)
as the radius of emission rE →∞.
2.2.2 Extension to r < 2m
The metric (8) is singular at r = 2m, but there exist regular coordinates across
this null surface [21]. Define
r∗ =
∫
dr
1− 2m/r = r + 2m log(r − 2m); (12)
then v := t− r∗is an advanced null coordinate and (8) can be rewritten in the
Eddington-Finkelstein form in terms of the coordinates (v, r, θ, φ) as
ds2 = −(1− 2m
r
)dv2 + 2dvdr + r2(dθ2 + sin2 θdφ2) (13)
which is regular for all r > 0. The solution is static for r > 2m (as ∂/∂t is
a timelike Killing vector field), and hence that region is eternal (it does not
come to an end at any finite positive or negative value of the time parameter
t), but is dynamic for r < 2m. The maximal extension employs several such
coordinate patches [21], but that need not concern us here, as we will focus on
astrophysical black holes that form by spherical objects collapsing in the context
of a Schwarzschild vacuum solution.
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2.2.3 Trapping surfaces
Each 2-sphere S(v, r) satisfying r = 2m is a SMOTS , for all values v. Its
ingoing normal null geodesic family is generated by the null vectors la = dx
a
dλ =
(0, 1, 0, 0) so these geodesics are given by xa = (v, λ, θ0, φ0) and link the 2-
spheres S(v, λ) to each other (v labels the 2-spheres in the OMOTS 3-surface
r = 2m). Its outgoing normal null geodesic family is generated by the vectors
ka = dx
a
dλ = (1, 0, 0, 0) which are null for r = 2m, so these geodesics are given by
xa = (λ, 2m, θ0, φ0) and link the SMOTS 2-spheres S(λ, 2m) to each other. The
metric of these 2-spheres is ds2S(λ,2m) = (2m)
2(dθ2 + sin2 θdφ2), with constant
area 16pim2 for all λ. This demonstrates that the outwards geodesics are non-
diverging: θˆ+(S(v, 2m)) = 0. This area is constant for all λ because equation
(4) is satisfied with θˆ = 0, σˆij σˆ
ij = 0, Rabk
akb = 0. These geodesics generate
the event horizon given by
rEH = 2m, m = const. (14)
because events for r < rEH cannot send signals to the outside domain r > 2m.
In summary: the unique family of SMOTS 2-surfaces in the Schwarzschild
solution occur at r = 2m for all v, and constitute the event horizon, which is
also an OMOTS surface. Conversely, each 2-sphere S(v, 2m) comprising the
event horizon is a SMOTS 2-surface. This equivalence will no longer be true
when Hawking radiation occurs and we take backreaction into account in the
collapsing star case, as discussed below.
2.3 Astrophysical black hole formation
When astrophysical black holes form, the exterior vacuum Schwarzschild solu-
tion is joined on to an interior collapsing fluid solution. The exterior part of
the solution is static, because of Birkhoff’s theorem [21], even though the fluid
part - the source of space-time curvature - is dynamic. Mass is conserved by
the dynamics.
2.3.1 Domains
To model such classical black hole formation by collapse of a spherically sym-
metric star, consider three domains: a vacuum region outside the infalling fluid
and outside the trapped region; a trapped vacuum region outside the infalling
fluid; and the infalling fluid. This is shown in the conformal Penrose diagram
of the collapse ([21], [22]:42,63), see Figure 1, where every point represents a
2-sphere S(t, r). Thus, we have
1. Domain I: An outer vacuum spacetime. bounded on the outer sides by
past and future null infinity, and on the inner side by the fluid boundary
and the event horizon. In the spherically symmetric case, which is what
we consider in this paper, it is a Schwarzschild solution. It is static.
8
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2. Domain II: The infalling fluid: pressure free matter or a perfect fluid
obeying the usual energy conditions. In simple cases this can be modeled
as a portion of a spatially homogeneous Friedmann-Lemaˆıtre model. It is
bounded on the outer side by the vacuum Schwarzschild solution.
3. Domain III: The vacuum spacetime outside the fluid sphere but inside
the event horizon. It is a spatially homogeneous but time evolving part of
a Schwarzschild solution. It is comprised of closed trapped surfaces, which
imply existence of the future spatial singularity that bounds Domain III
to the future.
2.3.2 Boundaries
The boundaries between the domains are,
• B12: Between I and II, the comoving Fluid Boundary with radius r =
RS(τ),
• B23: Between II and III, the comoving Fluid Boundary r = RS(τ),
• B13: Between I and III, the event horizon given by (14), which is a
Killing horizon and the locus of a family of SMOTS 2-spheres, i.e. each
2-sphere in the event horizon is a SMOTS with θˆ+ = 0. Objects inside rH
are trapped, because r = rH is a null surface. The event horizon hides
the interior from the exterior, just as it does in the case of a maximal
Schwarzschild solution.
The inmost SMOTS 2-surface (IMOTS) is the 2-sphere at the join of domains
I, II, and III; in terms of the collapse of the fluid, this is the event marking the
start of the enclosure of the fluid by closed trapped 2-surfaces.
2.3.3 Trapping surfaces
The nature of the trapping surfaces in this solution are as follows (see Figure 2,
where one can easily see what is the sign of the change of θˆ+ as one moves to
the left over each MOTS surface):
• The event horizon r = 2m in the Schwarzschild vacuum is a null OMOTS
separating Domain I and Domain III.
• the fluid surface boundary between domains II and III is a timelike EMOTS.
• These two MOTS 3-surfaces intersect in the IMOTS 2-surface. Hence
there is a bifurcate trapping surface structure in this case.
If one considers surface of constant coordinate time in the obvious sense (they
are horizontal lines in this diagram), for small values of t they encounter only
outward null diverging (OND) 2-spheres in domains I and II, so there are no
MOTS surfaces. When at time tIMOTS the constant time surfaces intersect
10
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the IMOTS 2-sphere defined by where the null surface r = 2m meets the fluid
surface, two counterpoising MOTS 3-surface appear: the OMOTS spacelike
surface heading out, and the timelike EMOTS surface heading in. For times
greater than tIMOTS , the constant time surface intersect the inner OND region
in the fluid interior (Domain II); the timelike EMOTS surface; vacuum Domain
III which is filled with outward null converging (ONC) 2-spheres; the spacelike
OMOTS surface; and the outer OND vacuum. Hence as t increases through
tIMOTS there is a bifurcation from no MOTS surfaces to 2 oppositely signed
MOTS surfaces.
2.4 Outcomes
A Ricci tensor singularity will occur inside the fluid as the fluid collapses and
RS(τ) → 0 within a finite proper time. This may or may not be accompanied
by a Weyl singularity inside the fluid; such a singularity will not occur for
example if the fluid is a Friedmann-Lemaˆıtre model, as the Weyl tensor is then
zero inside the fluid. The Ricci tensor is zero outside the collapsing star; it is
the Weyl tensor that diverges at the spacelike Schwarzschild singularity in the
vacuum domain. Specifically, the Kretschman scalar is
K = CabcdC
abcd = α
m2
r6
(15)
where α = 48G2/c4 [23], so this diverges as r → 0. It is the spatial inhomogene-
ity of the matter distribution (non-zero density inside the fluid, zero outside)
that generates this singularity in the conformal structure of spacetime.
As seen from the outside, the mass of the star never alters; it is always equal
to the initial value m0:
m = m0 = const. (16)
This will of course not be the same if matter falls into the blackhole, hereby
increasing it is mass; then the horizon is a dynamic horizon [1] and the laws
of black hole thermodynamics [2] come into play to characterise the resulting
changes. However we do not consider those processes here.
2.5 The Effect of Cosmic Background Radiation
Cosmic microwave blackbody background radiation pervades the universe. It
alters the causal domains significantly.
2.5.1 Cosmic Background Radiation
The universe is permeated by cosmic microwave blackbody (CMB) radiation
emitted from the hot big bang era in the early universe ([36], [14]). That
blackbody background radiation was emitted by the last scattering surface at
12
the end of the Hot Big Bang era in the early universe, it then propagates through
the universe with a temperature
TCMB = (1 + z)TCMB |0 (17)
where z is the redshift characterising the cosmological time when the radiation
temperature is measured. It now pervades the universe at a temperature
TCMB |0 = 2.7K. (18)
In effect, this radiation reaches local systems at the present time from an ef-
fective “Finite Infinity”([12], [13]) at about one light year’s distance that emits
blackbody radiation at a temperature TCMB |0. This is the effective sky for every
local system. The CMB radiation has the stress tensor of a perfect fluid with
positive energy density and pressure:
pCMB = ρCMB/3, ρCMB = a T
4
CMB . (19)
It has an entropy density given by
SCMB =
4
3
aT 3CMB + b (20)
where b is a constant independent of the energy E and volume V ([26]:25).
2.5.2 A Spacelike OMOTS inside the event horizon
In particular, this radiation will be the environment for black holes, and will
permeate Domain I and hence will cross the even horizon and permeate Domain
III also. In doing so, the effect of the CMB is to displace the OMOTS trapping
surface, thus creating a new causal domain (see Figure 3).
Because of the null Raychaudhuri equation (4), the incoming CMB with
density and pressure (19) causes focussing of null geodesics, so any outgoing
null geodesics that start at an initial affine parameter λ1 at a SMOTS 2-surface
where θˆ+ = 0 will converge to a conjugate point at finite affine parameter value
λ2 > λ1. Hence a marginally trapped SMOTS(λ1) in the OMOTS 3-surface will
be mapped by the outgoing null geodesics to trapped 2-spheres SCTS(λ) with
θˆ(λ) < 0 for λ1 < λ < λ2. These 2-spheres, whose future necessarily ends on
a singularity (because they are trapped!), will therefore lie inside the OMOTS
surface; hence the OMOTS surface has moved out relative to the null geodesics
through SMOTS(λ1).
Consequently, the effect of the infalling CMB is to change the OMOTS 3-
surface from null to spacelike. This is in accord with the discussion by Dreyer
et al [11], who state that infalling matter or radiation causes an isolated horizon
to be spacelike. It now lies outside the initial null surface r = 2m generated by
the geodesics through the IMOTS 2-sphere. It bounds the domain of trapped
13
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surfaces, and so it bounds the events whose future ends up at the singularity.
Thus the OMOTS in fact defines the extent of the future singularity (in the
conformal diagram Figure 3). We denote the point where it reaches the future
singularity as P2; this is the outer edge of the singularity.
The further important consequence is that the event horizon is no longer
where it used to be. It used to be generated by the outgoing null geodesics
starting at the IMOTS 2-sphere where r = 2m, and reaching the future singu-
larity at the point P1. That initial null surface is now trapped. The question
is which domain in this diagram is trapped, that is, future timelike and null
geodesics from points in this domain necessarily end up on the future. The an-
swer is that it is the domain bounded by the null geodesics through P2; these in
fact locate the event horizon, which lies outside the IMOTS. Unlike the MOTS
surfaces, the event horizon does not bound any locally significant domains, and
so cannot be found from any local property. To determine its position you
need to know about all future matter and radiation that may fall in across the
OMOTS surface from the IMOTS 2-sphere until infinity.
Now one might think this effect is only a matter of principle and will be
completely negligible for example in the case of the black hole at the centre
of the Milky Way galaxy. However this is not necessarily so, because of the
unbounded blueshift the CMB photons experience as they fall into the event
horizon (let r → 2m in (11)). This divergence means that the photon energies
diverge (cf. the discussion in Section 5.4). Furthermore, this divergence in the
density will remain true no matter how small the incoming radiation density is,
provided it is non-zero; and as seen from outside the radiation will continue to
be present forever, albeit decaying away. Remember that the size of the event
horizon is not determined by the mass or size of an object today: that just gives
its minimum size. Its actual size today has to do with how much energy crosses
the OMOTS surface from the present day to the end of time; and there is no
discernible marker present showing where it is today. Because it’s location is
determined by an integrated effect over an unbounded interval, the cumulative
result may not be negligible. In any case the fact the OMOTS surface is space-
like is conceptually crucial, both because it shows this surface lies inside the
event horizon, and because it shows the analysis of Ashtekar and Krishnan [1]
can be applied to this surface, allowing determination of angular momentum,
energy fluxes, and area balances.
In summary: the effect of the CMB is to change the OMOTS 3-surface
from being a null surface that coincides with the event horizon, to being a
spacelike surface that
1. lies outside the initial null surface,
2. determines the extent of the future spacelike singularity, and
3. thus determines the location of the event horizon.
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2.5.3 Revised domains
Consequent on this, there is a new causal domain that needs to be recognized:
• Domain VI, a trapped region between the initial null surface and the
spacelike OMOTS surface, which lies outside the Initial Null Surface.
As to the boundaries of this domain, they are
• B16: Between I and VI, the spacelike OMOTS surface that ends up at
the limit point P2 of the spacelike singularity;
• B36: Between III and VI, the initial null surface through the IMOTS
2-sphere that ends up at the point P1 on the spacelike singularity.
One can note that the event horizon is not a boundary between any of these
domains.
3 Semiclassical gravity: the standard view
This is all altered when one takes quantum field theory into account, so that
Hawking radiation results in mass loss and (16) is no longer true.
3.1 The basic view
Collapse and horizon formation proceeds as before. Three new effects are be-
lieved to occur.
Item 1: Quantum field theory fluctuations leads to production of black body
Hawking radiation at the event horizon ([17]; [4], [22]:43), with temperature
determined by the mass of the central body:
TBH =
1
8pim
. (21)
This result has been calculated in many ways, and is independent of the grav-
itational field equations [45]. The basic process can be thought of as follows:
virtual pair production takes place all the time in the quantum vacuum. If one
of a pair of such particles created near the black hole falls behind the event
horizon, it gets separated from the other, and they become a real pair of par-
ticles, one falling into the black hole and one being radiated outwards. Thus
photons are continually emitted by the black hole. Consequently in thermody-
namic terms, the black hole acts as a black body with temperature TBH given
by (21) and entropy
SBH = 4pim
2 =
1
4
A. (22)
This latter result is dependent on the gravitational field equations [45]. The
equation of state that follows from this is
SBH =
1
16piT 2BH
. (23)
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Item 2: Because radiation is being emitted, energy conservation shows there
must be a corresponding mass loss by the black hole:
dm/dτ < 0, (24)
where τ is give by (9) in the outer domain, so m decreases with τ and therefore
TBH increases as the radiation process continues. One can think of the outcome
as like a Schwarzschild solution with ever decreasing mass m(τ).
Item 3: The singularity that has formed at the centre eventually pops out
of existence [16], because the Hawking process inevitably carries all the mass
away to infinity. This happens in a finite time, because as the mass decreases
the radiation loss process speeds up. The power P radiated is proportional to
1/m2; using the usual mass-energy equivalence,
P = −c2dm/dτ, (25)
the evaporation time tevap is proportional to m
3
0 ([18], [31]). Putting in the
numbers, this lifetime will be of the order
tevap ' 1071(m/m)3secs. (26)
3.2 Causal Structure
The related causal structure is characterised by the relevant domains and their
boundaries.
3.2.1 Domains
Three of the spacetime domains in this case are similar to the previous case,
but the Penrose diagram is modified by addition of a new domain at late times
([4]: 272; [22]:63; [5]) (Figure 4). The domains are,
1. Domain I, an exterior Schwarzschild solution modified by having varying
mass and outgoing radiation, that can perhaps be modelled by a Vaidya
outgoing solution ([40], [37]). It is bounded on the outer sides by past and
future null infinity. It is bounded on the inner side by the event horizon
r = 2m0, where m0 is the initial mass of the infalling object. Outgoing
radiation to infinity registers the mass loss at the centre.
2. Domain II, infalling matter as before. Again it can for example be a flat
FRW dust model (0 < r < RS(τ)) collapsing within domain I.
3. Domain III, the domain inside the event horizon and outside the fluid: a
Schwarzschild solution but with varying mass and ingoing radiation, that
is an ingoing Vaidya solution bounded on the inner side by the fluid.
4. Domain IV: Minkowski spacetime, which must exist at late times because
the mass has evaporated to zero.
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3.2.2 Boundaries
The separation surfaces are as before:
• B12: Between I and II, the fluid boundary up to the 2-sphere IMOTS
where the event horizon forms
• B13: Between I and III, the event horizon r = 2m0.
• B23: Between II and III, the fluid boundary after the IMOTS.
• B14: Between I and II, a null surface.
3.3 Outcomes
The crucial new feature is that the effect of the Hawking radiation is to even-
tually make both the central mass and singularity vanish. How this happens is
not very clear, but the result is that the outer domain eventually loses the event
horizon and again has a regular centre.
A key feature is that because the mass is decreasing as a function of time,
the MOTS surface is now time dependent: r = 2m(v) in terms of a suitable
time parameter v. This surface is therefore no longer the same as the event
horizon: rather it lies inside the event horizon. However it is supposed this
feature makes no difference to the overall outcome: it does not affect the causal
domains indicated above. This is the feature that will be challenged below.
3.4 Problems with the standard view
While the physical motivation is clear - once Hawking radiation has initiated,
there seems to be nothing to stop it until the black hole has radiated fully away
- the associated Penrose diagram ([22]:63; [5]) is rather puzzling [39] and it is
unclear what happens ([4]: 273).
• How does the external domain know the mass is supposed to have de-
creased? The mass that is decreasing is far inside the event horizon; how
does that information get to infinity?
• How can the radiation increase as the mass decreases if it is emitted at
the event horizon r = 2m0, which does not know about the mass loss
in the interior? The event horizon stays at r = 2m0 as the interior mass
decreases: if it were the source of radiation, the temperature would not
increase with time as the black hole evaporates.
• How can the spacelike singularity go away once it has formed? We have
no handle on its dynamics: it is after all singular, and there is no known
set of equations to govern its dynamics.
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• The basic argument used in detailed calculations that gives this result
(e.g. [18]) is a quantum field theory argument. Is it legitimate to make
such a prediction about strong quantum gravity effects on this basis? A
full quantum theory of gravitation will presumably come into operation:
it might well give a completely different outcome (indeed if it does not,
then why do we need the full quantum gravity theory?)
4 A revised proposal
To meet these problems, one can make a revised proposal that fully allows for
the mass of the central object changing with time in a consistent way.
This leads to a revised version of the relevant spacetime domains. This sec-
tion looks at the processes involved. The following sections look at the resulting
global structure, leading to the conclusion (Section 5) that we can expect there
to be an eternal black hole.
4.1 The overall view
The basic view is as follows: assume the gravitational field of a collapsing ob-
ject becomes so high that closed trapped surfaces eventually occur around the
collapsing fluid. An innermost trapped 2-sphere (the IMOTS) will occur on the
surface of the fluid, marking the start of the existence of the black hole.
The initial null surface that spreads out from the IMOTS would be the event
horizon if it were not for Hawking radiation on the one hand and incoming CMB
radiation on the other. These result in a spacelike marginally outer trapped 3-
surface (an OMOTS) existing outside the initial null surface, the OMOTS being
the outer boundary of the domain where trapped 2-spheres occur. This surface
is spacelike and keeps growing because of infalling CMB radiation (Section 2.5).
A spacelike singularity will occur in the future of this surface because the Cosmic
Microwave Background radiation (CMB) will make it’s outgoing null geodesics
converge. For this reason it determines the location of the event horizon (cf.
Figure 3). The geometry of such dynamic horizons is very nicely discussed by
Ashtekar and Krishnan [1] and by Dreyer et al [11]. They show that this 3-
surfaces is necessarily space-like for accreting black holes. One can determine
the mass and angular momentum of the central object from the properties of
such surfaces. In summary:
• Does an event horizon occur? The answer is yes; and its location is de-
termined by the OMOTS surface.
However there is also another marginally outer trapped 3-surface that arises
at the IMOTS 2-sphere. It is a timelike EMOTS just outside the fluid sphere,
being the inner boundary of the domain where trapped 2-spheres occur (cf
Figure 3). Quantum field theory then shows that Hawking radiation will be
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emitted just outside the EMOTS surface because of its local properties ([33],
[45], [9].) Mass loss takes place as given by the standard formula (25), hence the
mass is a decreasing function of time and the Schwarzschild radius decreases:
rH = 2m(v), dm/dv < 0, (27)
where v is a time parameter along the developing local horizon. The 2-surfaces
comprising this EMOTS surface, defined as the inmost set of 2-spheres where
θˆ+ = 0, will to start with instantaneously be almost the same as in the corre-
sponding Schwarzschild solutions with time varying mass: rEMOTS = rH(v).
The 3-surface they generate therefore moves inwards as mass is radiated away.
It is a timelike surface comprised of marginally outer trapped 2-surfaces at each
instant. Thus it is a timelike dynamic horizon.As this surface is timelike, we
can choose v as proper time along the inner EMOTS 3-surface bounding the
fluid sphere. The temperature of the emitted radiation
T =
1
8pim(v)
(28)
gets larger and larger because the radiation is emitted close to the EMOTS given
by (27), hence the radiation density ρrad = aT
4 diverges as mass decreases, as
in the usual picture [31]. Thus mass loss increases indefinitely, and the central
mass vanishes as it’s energy is carried away by radiation; this process completes
in a finite proper time (26), as recorded by the central fluid.
The central issue that determines the outcome is,
• Where does the radiation go? The answer is that most of it ends up in
the spacelike future singularity rather than at infinity.
Because this radiation ends up at the central singularity, it does not carry energy
or information to infinity; consequently the Hawking radiation process cannot
make the central mass evaporate.
These issues will be considered after looking in more detail at the relevant
processes (Section 4.2). The outcome (Section 4.4) depends crucially on the
relevant domains (section 5.1).
4.2 The basic process
Assume there is an emission domain ED that lies just outside the timelike
EMOTS surface, and that local energy conservation governs the emission pro-
cess (Figure 5).
Imagine a time step δt when radiation carries a chunk of (positive) energy
δE outwards and (because of energy conservation) a compensating chunk of
negative energy−δE inwards from the emission domain. This can be understood
as due to tunneling: as explained by Parikh and Wilczek,
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“According to this picture, the radiation arises by a process similar
to electron-positron pair creation in a constant electric field. The
idea is that the energy of a particle changes sign as it crosses the
horizon, so that a pair created just inside or just outside the horizon
can materialize with zero total energy, after one member of the pair
has tunneled to the opposite side... energy conservation plays a fun-
damental role: one must make a transition between states with the
same total energy, and the mass of the residual hole must go down
as it radiates” [33].
Seen from the exterior of the star, this causes the mass measured to decrease,
because positive mass δm has been carried away as radiation outwards and
registered in the exterior:
mext(t+ δt) = mext(t)− δm. (29)
This also causes the EMOTS surface r = 2m to move inward towards the centre
(as it contains less mass). The ingoing radiation carries negative energy -δm to
the interior, which then decreases the mass of the collapsing fluid sphere in such
a way that
mfluid(t+ δt) = mfluid(t)− δm. (30)
These two processes are repeated continuously and cause the mass of the fluid
sphere to die away towards zero, with the EMOTS therefore decreasing in size
towards zero. Following Feynman, the process can alternatively be thought of
as positive mass δm traveling backwards in time from the fluid surface to the
EMOTS, and then being re-emitted there as positive mass δm which is radiated
outwards in the future direction of time towards the exterior domain. Thus mass
is transferred from the fluid to the exterior by a quantum radiation process. This
view is supported by Visser’s detailed calculations; he states
“What is the energy source for the Hawking radiation? The infalling
particles have negative energy as seen from outside the apparent hori-
zon. In the case of general relativity black holes the infalling particles
serve to reduce the total mass-energy of the central object, and it is
ultimately the total mass-energy of the black hole that provides the
energy emitted in the Hawking flux.” [45].
This is possible only because of the energy conservation emphasized by Parikh
and Wilczek: there are ingoing and outgoing particles tunneling in opposite di-
rections, and both channels – particle and anti-particle tunneling – contribute
to the rate of the Hawking process [33].
For those who do not like the particle picture, one can calculate the vacuum
expectation value of the energy momentum tensor of the relevant field. This
has been done in the case of a two-dimensional model of the collapse of a shell
of matter by Davies, Fulling and Unruh [10]. They find,
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“In the collapse model, the results support that picture of black-hole
evaporation in which pairs of particles are created outside the horizon
(and not entirely in the collapsing matter), one of which carries
negative energy into the future horizon of the black hole, while the
other contributes to the thermal flux at infinity”
which fully agrees with the above picture. Furthermore they state
“The flux of energy is given by two components. Near infinity it
is dominated by an outward null flux of energy. Near the horizon,
however, it is a flux of negative energy going into the horizon of the
black hole. This negative energy flux would presumably cause the
area of the horizon to shrink at a rate consistent with the energy flux
observed at infinity.”
Thus we can think of there being an emission domain just outside the horizon,
which emits positive energy radiation going outwards and negative radiation
going inwards.
Clifton [9] has calculated the stress tensor T
(out)
ab of the outgoing radiation for
the case of a locally defined horizon. He also finds ingoing as well as outgoing
radiation: because of the energy conservation condition, there is an opposite
inward energy flux with the stress tensor T
(in)
ab of the same magnitude but with
opposite sign as the outgoing radiation. At the emission event,
Tab(out)|H + Tab(in)|H = 0. (31)
(see Section 4.3.3 for further discussion). It is the sum stress tensor
Tab(sum) := Tab(out) + Tab(in) (32)
that will be the source of the semiclassical backreaction causing focussing or de-
focusing of null geodesics, and depositing energy either in the fluid, at infinity,
or at the future singularity. Like Davies et al, he emphasizes that the emission
takes place a little outside the horizon.
Thus the main points are,
• Through the Hawking process, radiation carrying compensating masses
+δm, −δm are emitted outward and inward respectively in the emission
domain ED, which lies just outside the EMOTS, which is defined to have
zero external null convergence: θ+ = 0. This compensated process is
required in order that energy is conserved.
• The exterior measured mass of the central fluid decreases by the amount
+δm of received radiated in the exterior domain of the emission surface,
because this received energy indicates that a decrement has taken place in
the interior mass. However the issue is where this radiation is deposited.
To clarify this we need to carefully delineate the causal structure of the
situation (see the next section).
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• There is a decrease of fluid mass by δm because of the amount of energy
−δm received by the fluid from the emission surface. Therefore, the fluid
boundary is inward moving rather than comoving, as mass is progressively
chipped away from the outer edges of the fluid sphere.
• Because this central mass has thus decreased through this mass loss, the
EMOTS, given by rEMOTS = 2m(v), is timelike: it continually moves
inwards as the Schwarzschild radius of the central mass decreases.
Thus the EMOTS surface is no longer the same as the event horizon: it lies in
the interior.
4.3 The emission region and the idealized emission surface
The key point is that the Hawking Radiation process is a local process, and
therefore that radiation is emitted near the time-varying timelike EMOTS sur-
face. We develop this in stages.
4.3.1 Local radiation emission at a MOTS
A detailed calculation showing radiation is emitted as a consequence of the local
existence of a trapping surface has been given by Visser [45], based on use of
Painleve´-Gullstrand coordinates
ds2 = −[c(r, t)2 − v(r, t)2]dt2 − 2v(r, t)dtdr + dr2 + r2(dθ2 + sin2 θdφ2). (33)
The apparent horizon is located at rH(t) given by
c(rH(t), t) = |v(rH(t), t)|. (34)
On choosing
c(r, t)2 − v(r, t)2 = e−3Φ(t,r)[1− 2m(t)
r
], v(r, t) = e−3Φ(t,r)[
√
2m(t)
r
] (35)
(see [30]), this shows that
r(t)|H = 2m(t). (36)
The surface gravity is represented by a quantity gH(t) defined by
gH(t) = cH
d
dr
[c(r, t)− |v(r, t)|]H (37)
where the subscript H means evaluated at the horizon (36). In the static case,
the surface gravity is
κ =
gH
cH
. (38)
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Using an Eikonal approximation for a quantum field ϕ(r, t) written in terms
of a rapidly varying phase times a slowly varying envelope, Visser shows that
outgoing modes occur with
ϕ(r, t)out =
Nout√
2ωrH
[r − rH ]±iω/κ exp {∓iωt} (39)
where Nout is a normalisation factor. The calculation is based solely in quanti-
ties evaluated at or near the apparent horizon, which is located at the MOTS
3-surface.
Consequently [45], independently of anything related to global event hori-
zons,
Hawking radiation emission: Hawking radiation is present un-
der the circumstances of a slowly evolving timelike apparent horizon,
with amplitude varying as 1/rH . It will not be emitted if the apparent
horizon is spacelike.
It depends on the surface gravity κ of the apparent horizon; and in the context
we are concerned with, that horizon is indeed slowly varying.
An alternative detailed calculation showing that radiation emission is a local
process associated with a local horizon has been given by Parikh and Wilczek
[33], based on the idea of Hawking radiation as tunneling; this has developed
further by Clifton [9]. The conclusion is supported by other papers, includ-
ing Nielsen ([29]: Section 8) and Peltola [34], who gives a local derivation of
Hawking radiation based in Bogoliubov transformations. Also Paranjape and
Padmanabhan show that
“The presence of a flux of particles at large distances is governed
entirely by the local dynamics (in outgoing time u) of the collapsing
object. A flux will arise even in the situation where the object starts
at some radius R0 and collapses to a final smaller radius Rf >
2M without forming a black hole, although the spectrum will not be
thermal” [32].
Parikh and Wilczek emphasize “Note that only local physics has gone into our
derivations” [33]. Clifton’s paper shows that the radiation emanates not from
the MOTS 3-surface itself, but from just outside that surface.
Taken together, the case is strong that Hawking radiation is governed by the
local existence of a trapping surface rather than by the existence of an event
horizon, which by its nature is globally defined. The domain where the radiation
originates will be called the Emission Domain.
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4.3.2 Timelike or spacelike?
Now a key issue is how this radiation emissions depends on the causal nature
of the MOTS 3-surface. Hawking radiation can certainly happen for a null sur-
face: that is the content of Hawking’s original paper [17]). Can it happen if the
apparent horizon is timelike or spacelike?
The claim here is that this would radiation emission not occur if the MOTS
surface were spacelike: it would not then have required separation properties.
• If we use the tunneling description [33], the MOTS must be timelike else
there is no surface to tunnel through. The very concept of tunneling
depends on the implicit assumption that the trapping surface causing the
emission must be timelike so that two sides (“inside” and “outside”) can
be defined.
• The concept of scattering involved in use of Bogoliubov transformations
assumes scattering is off a timelike world tube.
Hence for the Hawking radiation emission to occur, the trapping surface must
be a timelike MOTS.
Putting this together, we have a key conclusion:
Keypoint: The Emission Domain Compensating ingoing and
outgoing radiation is emitted by an emission domain which lies just
outside a timelike MOTS 3-surface.
This will be the basis for the analysis that follows.
How do we determine its limits? The emission process can be represented
in two ways (see the Appendix)
• Virtual particles become real due to tunneling through the timelike hori-
zon, depending on events in a volume δV but conceptually occurring at a
point E in δV
• This result in changes in the energy-momentum tensor in a local volume:
a zero tensor (on the input surface) to sum in and out (output surface)
Emission occurs in ∆V if Tab|(in) = 0 but Tab|(out) 6= 0.The Emission Domain
is defined to be the smallest domain where this is true.
4.3.3 Finding the Emission Surface
In order to consider how the location of emissions events relates to spacetime
domains, it is useful to define an emission surface (ES) that represents the cen-
tral location of the emission process. It will lie within the emission domain and
is intended to represent the epicentre of emission.
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How can one determine a unique locate for the ES? The energy-momentum-
stress tensor gives the energy and 4-momentum crossing a surface element dSa
by the relation
T a = TabdS
b. (40)
The associated energy measured crossing the surface by an observer moving
with 4-velocity ua is
∆E = uaTa = u
aTabdS
b. (41)
and the total radiation across a sphere S(t, r) will be given by
E =
∫
S(t,r)
uaTabdS
b. (42)
In the context of the Hawking evaporation, we have inwards and outwards com-
ponents
Tab = T
(in)
ab + T
(out)
ab (43)
(cf. [33],[9]) so
Ta =
(
T
(in)
ab (r, t) + T
(out)
ab (r, t)
)
dSb. (44)
The associated energy is
E|S(t,r) = E(in)|S(t,r) + E(out)|S(t,r) (45)
where
E(in)|S(t,r) :=
∫
S(t,r)
uaT
(in)
ab (r, t)dS
b, (46)
E(out)|S(t,r) :=
∫
S(t,r)
uaT
(out)
ab (r, t)dS
b. (47)
Given these definitions, the idea now is that if the outward flux dominates
over the inwards flux, you are outside the emission surface; if the inward flux
dominates over the outwards flux, you are inside the emission surface; and if
they are equal, you are at the emission surface. Thus the emission surface
S(t, r)ES is determined by seeing when equality happens.
Inside the Emission surface |E(in)(S(t, r))| > |E(out)S(t, r)|
On the Emission surface |E(in)(S(t, r))| = |E(out)(S(t, r))|
Outside the Emission surface |E(in)(S(t, r))| < |E(out)(S(t, r))|
Table 2: Determining the location of the Emission Surface.
Hence: At given t, vary the position of the surface inwards and outwards to
find the radius rES(t) such that
|E(in)(S(t, rES(t)))| = |E(out)(S(trES(t)))| (48)
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It does not matter what surfaces {t = const} are used to do this because this
condition depends only conditions on the 2-surfaces S(t, r).
Which 4-velocity should be used in this process? – the 4-velocity of the
world tube S(t, rES(t)) so determined! That is, the vector field ∂/∂t tangent
to the world lines xa(t) = (t, rES(t), θ0, φ0)) for all θ0, φ0). This will have to be
calculated in an iterative manner to obtain a consistent solution.
In what follows, we will use the emission surface ES as a proxy for the
emission domain ED. This will generally enable us to understand what is going
on well and enables us to consider relevant domains in a precise way. We will
need to make the distinction between the ES and ED only in considering the
possibility that radiation escapes to infinity, see Section 5.5. Until the referring
to the ES will suffice for our purposes.
4.4 The Nature of the Spacetime
We now have all the pieces needed to determine where Hawking radiation emis-
sion takes place in a astrophysical blackhole setting.
4.4.1 The Dynamical Horizons
We saw in Section 2.1.3 (Table 1) that the sign of ∂θ(`)/∂n
a determines whether
the MOTS 3-surface is timelike or spacelike. Adding the conclusion stated in
the Keypoint (Section 4.3.2) that the MOTS must be timelike for Hawking ra-
diation emission to occur, any MOTS that emits radiation must be an EMOTS
and the situation is as summarised in the following table:
Horizon θ(`) ∂θ(`)/∂n
a Nature: Radiation?
EMOTS θ(`) = 0 ∂θ(`)/∂n
a > 0 timelike emits radiation
OMOTS θ(`) = 0 ∂θ(`)/∂n
a < 0 spacelike emits no radiation
Table 3: Outgoing null geodesic divergences according to domain.
This enables us to determine where radiation emission occurs. Recall the
causal domains (Figure 5). There is an outer spacelike OMOTS 3-surface and an
inner timelike EMOTS 3-surface, each of which is a dynamic horizon comprised
of 2-spheres such that θˆ+ = 0. These two 3-surfaces intersect in the inmost
marginal outer trapped 2-surface (IMOTS) at the fluid surface, which is where
the black hole properties originate.
• The outer OMOTS 3-surface is spacelike and goes to infinity, indeed it
defines infinity; the event horizon lies inside it, because the event horizon
is null. It is not associated with radiation emission because it is spacelike;
however it is associated with the externally measured mass and angular
momentum (see [1], [11], and references therein).
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• The inner EMOTS 3-surface is timelike, and lies just outside the collaps-
ing fluid; it is this surface associated with the emission of radiation. More
specifically: rather than being associated with the event horizon r = 2m0,
which does not know about the mass loss, the radiation emission sur-
rounding a collapsing star of initial mass m0 occurs at an emission surface
ES just outside the EMOTS surface ([33], [45], [9]) which lies just outside
the fluid surface. This surface knows about the mass loss and accordingly
changes in time (it will be located at rH = 2m(t), see (36)). It is this
surface that is represented in Figure 5.
This is rather surprising because the emission in the primordial black hole case
– that is, the extended Schwarzschild solution with no matter in it — is un-
derstood to be from the vicinity of the event horizon at r = 2m0, and it seems
natural to assume this will be the case in the collapsing star scenario. If we
allow for the radiation taking place on a MOTS rather than the event horizon,
as motivated in the last section, it therefore seems obvious it would be emitted
by the OMOTS surface that lies close to the event horizon. But this is not the
case: the OMOTS surface is spacelike and so emits no radiation. It is emitted
from the timelike EMOTS surface, close to the fluid. Why is this so? How can
the source be so displaced from what we expect?
To explain this further, consider Figure 6, a conformal diagram of collapse
of fluid sphere of initial mass m0. For the moment we neglect the CMB ef-
fects shown in Figure 2, so this is the same as Figure 1, but now some surfaces
{r = constant}. Because this is a part of the maximal extension of the vacuum
Schwarzschild solution, and r < 2m0 in this domain, these surfaces are spacelike
are shown in Domain III [21]. The OMOTS surface r = 2m0 is of course also
a surface of constant r. These surfaces are timelike Domain II; it is the dis-
continuity in their nature that lead to their divergence in the diagram, in effect
generated by the bifurcate Killing horizon that exists in the maximal solution
[6], even though it is not actually present in this spacetime.
Now the key feature is that r = 2m is an entire 3-surface; so the question
is, from where on that surface does the radiation arise? Does it come from the
entire surface, hence including locations indefinitely far from the star? Or does
it come from domains close to the collapsing star?
The solution has already been given above: it will be emitted near the fluid,
that is at the EMOTS surface (see Figure 1) where the sign of the outgoing
null geodesic expansion changes. Hence the emission location in the 3-surface
r = 2m is close to the IMOTS 2-sphere where r = 2m intersects the EMOTS
at the surface of the fluid surface. In fact the emission takes place because this
2-sphere is in the EMOTS, rather than because it is near the OMOTS surface
r = 2m0. The point is that the OMOTS surface and the EMOTS surface come
into existence simultaneously when the negative θˆ+ Domain III comes into being
at the IMOTS 2-sphere. But the one that causes the radiation is the EMOTS,
30
 1 
 
Figure 6: The event horizon and surfaces of constant mass 
 
EMOTS 
 
R=2m1 
R=2m2 
III 
II 
OMOTS:  
R=2m0 
 
Constant r surfaces 
 
I   
 
FIGURE 6: Surfaces of constant mass and the MOTS surfaces. 
 
 
Figure 6: Figure 6
31
located at the fluid surface. The radiation from this surface starts at the time
tH when the horizon forms, which is why the radiation is associated with the
entire null OMOTS.
We can see the rationale by considering where the surfaces r = 2m(t) lie.
Specifically how do the surfaces r = 2m(t) intersect the surface of the fluid
as m(t) decreases with time? Remember that the surfaces r = constant are
spacelike for r < 2m (Figure 6). As radiation is emitted and m decreases from
its initial value m0, it will take on a new value m1 < m0 which will have asso-
ciated with it a new trapping radius r = 2m1. Viewed in the Diagram 6 for a
Schwarzschild mass m0, where on the surface r = 2m1 will emission take place?
It has to be at a MOTS; and the only place the spacelike surface r = 2m1 will
intersect a MOTS is at the fluid outer surface. It intersects this surface in a
2-sphere SMOTS(t1) at a later time than the OMOTS surface r = 2m0 does. So
if we take the r value r = 2m(t) as determining where radiation is emitted then,
this has to happen where the surface intersects a marginally trapped surface.
But it does not intersect the OMOTS surface; rather it intersects the EMOTS
surface (that is,the fluid boundary) as shown in the diagram, and that will have
to be the source of the radiation at the later time.
This is the clear implication of the Keypoint (Section 4.3.2) and the resulting
Table 3. This conclusion will remain true when we take into account the effect
of the CMB on the causal domains (see Figure 2).
4.4.2 Revised domains
Consequent on the effects of the Hawking radiation, there are two new domains
that need to be recognized in the causal structure (see Figure 7; they were also
indicated in Figure 5).
• Domain V: the emission surface is outside the EMOTS surface. The
region between them is Domain V. It is full of negative energy radiation
streaming towards the EMOTS.
• Domain IV: this negative energy density defocuses radiation coming from
the EMOTS surface, which (see Figure 3) in the classical case is the fluid
surface. Thus there is now a region just outside the fluid surface which has
positive outgoing null expansion. Hence the Hawking radiation moves the
EMOTS surface off the fluid boundary and into the surrounding vacuum.
The region thus created is Domain IV. It is full of negative energy density
radiation streaming inwards
These domains are discussed more fully in the Section 5.2.
4.5 The Main Hypothesis
We will now develop the consequences that follow from all this.
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4.5.1 The assumption and the outcome
We make the key assumption that Hawking radiation is emitted from just out-
side the EMOTS surface in Figure 2, which seems to be the realistic view.
Main Hypothesis: The source of outgoing Hawking radiation is
neither near the event horizon, nor the outer trapping (OMOTS)
surface: its location is near the timelike EMOTS surface close to the
fluid surface.
The broad nature of the resulting spacetime is shown in Figure 7; the relevant
domains are show in Figure 8, indicating the sign of the outgoing null geodesic
expansion θˆ+. The changes in sign of θˆ+ determine the location of the MOTS
surfaces, and hence characterises where radiation will be emitted.
An immediate consequence is
Corollary: Most of the Hawking radiation emitted during the col-
lapse process does not end up at infinity: it ends up on the future
singularity. Consequently the singularities do not evaporate away
because of outgoing Hawking radiation; that radiation ends up on
the singularity, and so does not carry any mass or energy away to
the exterior
Why is this so? Because the EMOTS surface lies inside the event horizon (see
Figure 7), hence the Hawking radiation is trapped. In fact the outgoing Hawking
radiation adds extra mass to the outer part of the singularity, balanced by the
decrease in mass caused by the ingoing negative energy radiation. Overall the
mass that will be measured externally is conserved.
4.5.2 Fallback position
Suppose that the Main Hypothesis was not true. Then the fallback position
must be that the source of the radiation is the spacelike OMOTS surface. Then
negative density ingoing Hawking radiation will occur in domain III, and cause
defocusing there, opening up the possibility that the future of that domain is
singularity free; there would be a competition between this radiation and the
CMB to determine what happens. But positive density outgoing Hawking ra-
diation would still occur in Domain VI, which would be a trapping region and
would lie behind the event horizon.
Thus the trapping of the outgoing radiation would still be true at least in
Domain VI even if the radiation was emitted from the OMOTS rather than
the EMOTS, as Figure 8 (which develops from Figure 2) makes clear. That
radiation too would fall into the singularity because the OMOTS is spacelike.
The details would be different, but the outcome is likely to be the same.
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5 Eternally Surviving Black Holes
To bring this all together: the key point in the whole argument is the locality of
the Hawking radiation effect. Most of it is emitted at the EMOTS close to the
central matter; this is far inside the event horizon, so that radiation is trapped.
Thus astrophysical black holes radiate but do not evaporate; rather there is
always a remnant mass left behind. They do not pop out of existence due to
evaporation by Hawking radiation
The broad outline of what happens is thus clear. It is still worth examining
the causal domains in more detail (Section 5.1), because that is required in order
to consider the remaining big question: does any Hawking radiation escape to
infinity, and if so, how much? That is considered in Section 5.5.
5.1 The Trapped Surfaces and the Domains
The dynamic processes taking place revolve around the concept of a dynamical
horizon (Section 2.1.3).
5.1.1 Trapping Surfaces and the Event Horizon
There is an entire literature on “isolated horizons’ or dynamic horizons‘’ ([1],
[11]) that refers to spacelike horizons like the OMOTS. The work above on local
radiation emission (Section 4.3) refers to the timelike EMOTS. Both occur in
these solutions, but in different domains. With that understanding it all fits
together: The resulting broad causal structure is presented in Figure 8, which
is very similar to the classical astrophysical collapse situation (Figure 2), but
with extra structure added.
The key features shaping the causal structure are the two MOTS surfaces,
whose location is determined by backreaction effects (Figures 2 and 8).
The Trapping surfaces: In astrophysical black holes there is an
inner timelike EMOTS 3-surface and an outer spacelike OMOTS 3-
surface that both originate at the IMOTS 2-surface. Outgoing Hawk-
ing radiation is emitted at the Emission Surface ES just outside the
EMOTS, and mainly ends up at the future singularity.
The OMOTS starts at the IMOTS 2-sphere and then moves outwards, and is
therefore spacelike. It determines the scope of the singularity, by bounding the
trapped 2-surfaces in Domain VI; hence it determines the location of the event
horizon, which is generated by the last outgoing null geodesics that just fail to
hit the singularity. It lies outside the initial outgoing null surface that passes
through the IMOTS 2-surface.
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5.2 Causal structure
To see how this works out we must carefully delineate the relevant domains and
their boundaries.
5.2.1 Domains
To understand the resulting causal structure, we need six domains shown in
Figure 8. Compared with Figure 2, two extra domains are added (Section
4.4.2). Thus the domains now are
1. Domain I, an exterior vacuum solution for a mass m0, bounded on the
outer sides by past and future null infinity. It is bounded on the inner
side by the fluid initially, and then by the Initial Null Surface at r = 2m0
(this may or may not be an event horizon; that is to be determined later).
This is an empty region, so it is a Schwarzschild solution and we can use
Schwarzschild results in this domain, which is why we can initially identify
the Initial null surface as being at r = 2m0 (this will be modified later
due to backreaction effects).
2. Domain II, infalling matter of initial mass m0, which we take to obey
the usual energy conditions. This can be a flat FRW dust model (0 < r <
RS(u)) collapsing within Domain I, or a more complex fluid model. We
take this to include all infalling matter; that is, no further shell of matter
is falling in from outside this domain.
3. Domain III, the domain outside the Emission Surface (ES) and with
initial boundary the Initial Null Surface, filled with outgoing Hawking
radiation. This domain may or may not be a Vaidya outgoing radiation
solution. The energy conditions are satisfied here because the outgoing
radiation has a positive energy density.
4. Domain IV, the domain inside the timelike EMOTS 3-surface and outside
the collapsing fluid sphere, filled with ingoing Hawking radiation. This can
possibly be a Vaidya ingoing radiation solution. The energy conditions
are not satisfied here because the ingoing radiation has a negative energy
density.
5. Domain V, the small domain between the timelike EMOTS surface and
the ES, with ingoing Hawking radiation. The energy conditions are not
satisfied here because the ingoing radiation has a negative energy density.
6. Domain VI, the small region between the initial null surface and the
spacelike OMOTS surface which lies outside the Initial Null Surface.
Where does the action start? At the innermost MOTS 2-surface where
marginal closed trapped surfaces first form:
• IMOTS: The key 2-sphere in the diagram is the innermost MOTS 2-
surface. It is the initial MOTS 2-sphere that forms as the fluid collapses:
there are no MOTS 2-surfaces at earlier times.
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5.2.2 Separation surfaces
The separation surfaces between these domains are as follows:
• B12: Domain I and Domain II are separated by the fluid boundary (the
matter surface MS), up to the time when the IMOTS forms. The mass
m0 within the surface is constant.
• B16: Domain I and VI are separated by the spacelike OMOTS.
• B36: Domain VI and III are separated by the Initial Null Surface, which
lies inside the ever increasing OMOTS.
• B24: Domain II and Domain IV are separated by the matter surface,
given by coordinates r = R+S (τ) in Domain II. The mass m0(τ) within the
surface is decreasing with proper time τ along this surface.
• B45: Domain IV and V are separated by the timelike EMOTS 3-surface,
given by coordinates r = r+MTS(τ) in Domain I and r = r
−
MTS(τ) in
Domain II. Every 2-sphere in this surface is a MOTS with θˆ+ = 0.
• B35: Domain V and III are separated by the ES, which lies outside the
ever decreasing EMOTS.
5.2.3 The outgoing divergence values
The sign of the outgoing null vector expansion θ(`) (cf. Section ?? and Table 1;
Section 4.4.1 and Table 3) is as shown in Table 4.
Domain θ(`) Matter content
I θ(`) > 0 empty
II θ(`) > 0 matter
III θ(`) < 0 radiation
IV θ(`) > 0 negative density radiation
V θ(`) < 0 negative density radiation
VI θ(`) < 0 radiation
Table 4: Domains, matter content, and signs of outwards normals.
The consequent trapping regions are as indicated in Table 4.
Horizon Separates: θ(`) ∂θ(`)/∂n
a Nature: Radiation?
EMOTS IV and V θ(`) = 0 ∂θ(`)/∂n
a > 0 timelike emits radiation
OMOTS I and VI θ(`) = 0 ∂θ(`)/∂n
a < 0 spacelike emits no radiation
Table 5: Outgoing null geodesic divergences according to domain.
It is these tables that justify the correctness of the geometry shown in Figure
8, because they locate the MOTS surfaces.
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5.3 Final issues
The basic conclusion is that much of the Hawing radiation does not escape to
infinity, much of the central mass is not radiated away as in the usual picture.
Thus the black hole mass does not decay to zero: it decreases to a finite positive
value, which is the asymptotic value mfinal of the mass of the black hole as
measured from outside.
However we need to consider two final issues before going on to look at im-
plications. First, is defocusing of null geodesics in Domain V a serious problem?
Second, does any Hawking radiation escape to infinity?
5.4 Focussing of geodesics
Now a key issue in these models that needs checking is whether or not the outgo-
ing null geodesics from the EMOTS 2-spheres get focussed at a conjugate point
at a finite affine parameter value, or not. The issue is that while these originate
with zero divergence at the EMOTS, they then get defocussed in Domain V be-
fore they enter Domain III; so when they enter Domain III, they are diverging.
Will they then get refocussed and develop conjugate points, that then imply
singularities will develop in the future? The answer is yes, because of the CMB
radiation that played a key role in Section 2.5.1.
The outgoing geodesics from any MOTS 2-surface start with vanishing di-
vergence: θˆ+ = 0 (because that is what defines the MOTS). Now the outgoing
null radiation with a stress tensor of the form
Tab = ρkakb, k
aka = 0 (49)
has no focussing effect on the outgoing geodesics because the term they con-
tribute to (4) will vanish. However in fact that stress tensor is not a solution of
Maxwell’s equations, and in any case a more complex matter tensor will occur in
practice for the outgoing Hawking radiation [9]; this may tend to cause focussing.
But additionally, the CMB emitted from the hot big bang era in the early
universe (section 2.5.1) will enter domain III from domain I and provide a fo-
cussing term in the Null Raychaudhuri equation (4):
The converging effect of the CMB radiation The outgoing null
geodesics from the MOTS 2-spheres experience focusing by ingoing
CMB radiation .
Will the initial defocusing tendency of the outgoing null geodesics in Domain
V be compensated by the focussing effects of the CMB in Domain III, so that
they develop conjugate points? The point to note is that if there were no refo-
cussing the geodesics would be unbounded; but then the CMB’s focussing effect
would have unlimited affine parameter values in which to act in Domain III,
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and so would probably eventually overpower any initial divergence that might
occur in Domain V.
For a very rough estimate, suppose θˆ(λ1) > 0 for some value λ1 of λ. The
null Raychaudhuri equation (4) shows that
dθˆ
dλ
< −Rabkakb. (50)
Hence for any domain (λ1 < λ) where Rabk
akb > c > 0, we will have θˆ(λ) <
c(λ− λ1) + θˆ(λ1). Thus
θˆ(λ) < 0 for λ > λ1 + θˆ(λ1)/c. (51)
Hence a finite constant CMB term in Domain III will cause refocussing, no
matter how large the defocusing may be in Domain 5, because if we assume
no refocussing occurred, then the focussing effect (50) would act for arbitrarily
large affine parameter values in Domain III; and that would indeed cause focus-
ing, in contradiction with the assumption.
Now the CMB will actually be decreasing in the far future, but on the other
hand its initial value will be far greater than TCMB |0. The first point here is that
for gravitational collapse of black holes that exist today, it will have been larger
than TCMB |0 at the time when they started forming in the earlier universe.
But additionally, and more important, (11) holds for the incoming CBR, which
starts off at an effective temperature TCMB |(λ1) > TCMB |0 at the effective finite
infinity as it approaches the black hole. Therefore it gets blueshifted without
limit as it approaches the Initial Null Surface in the Domain I Schwarzschild
solution: equation (17) holds with (1+z)→ 0 as z → −1 (blue shifting!). Then
ν(r)
ν∞
=
√
1
1− 2m/rR →∞ as r → 2m, (52)
so the CMB radiation density that will be the source term on the right of (50)
is apparently growing without limit as the radiation approaches the Initial Null
Surface. This high density of radiation will enter domain III. Thus even if θˆ1 > 0
at some parameter value v1 on the outgoing geodesic, there surely will be a finite
time t2 > t1 such that θˆ2 > 0 and conjugate points will occur.
But this applies to every MOTS 2-sphere S(v) in the EMOTS 3-surface.
Thus it will apply at some time v1 along the EMOTS 3-surface; every later
MOTS 2-surface for times v2 > v1 will lie in the trapped future of S(v1) and
hence the radiation emitted at v2 will necessarily end up at the future singular-
ity that occurs in the future J+S(v1) of S(v1), and so does not reach infinity.
Then the boundary of the future of the MOTS is compact, and by Penrose’
argument ([35], [21]) singularities will occur in the future. Furthermore, the
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outgoing Hawking radiation will to a good approximation have an energy mo-
mentum tensor (49) with ρCMB > 0; when conjugate points occur, because
of energy conservation along the null geodesics this density will diverge and a
Ricci singularity will occur there. Penrose’s argument shows that a singularity
occurs somewhere, but not necessarily that it will occur in the causal future
J+(SMOTS) of the MOTS 2-sphere; this argument show that this will indeed
be the case.
Thus a consequence of the existence of the cosmic CMB is that the Hawking
radiation is trapped and causes a future singularity to occur. There is a nice
symmetry about this result: on the classical picture, the existence of the CMB
radiation confirms that past cosmological singularities are unavoidable ([20],
[21]); we now see it also confirms the inevitable existence of future singularities
in the collapsing black hole context.
5.5 Radiation escape and mass loss
The final question is whether any Hawking radiation escapes and gets to infin-
ity? An idealised model of the situation is given in Figure 9.
The Hawking radiation is generated by the emission domain ED surround-
ing the emission surface ES, which lies close to the EMOTS, but crucially, it
lies a little outside the EMOTS, as discussed above. If this was not the case,
no Hawking radiation would escape to infinity: it would all be trapped within
the initial null surface. Most outgoing radiation from the ED does not reach
infinity; it ends up on the future spatial singularity FS, as is clear from Fig-
ure 8. Therefore no corresponding change of mass is recorded at infinity by
this radiation. Even if some of this radiation went through the center and out
the other side [4], it will still end up on the future singularity rather than infinity.
Consider the idealisation of the situation in Figure 9, where the Emission
Domain is represented by the emission surface ES, which lies outside the timelike
OMOTS surface. Events inside the OMOTS surface are locally trapped. The
event horizon lies outside the OMOTS surface; events inside the event horizon
are trapped, even if they are not locally trapped; that is, their future necessarily
ends up at the future singularity.
Denote the event when radiation emission commences as ES(1); it occurs at
time t1 in terms of the conformal diagram coordinates (see Figure 9). There
will be an event ES(2) at time t2 when the ES crosses the event horizon; it lies
within the event horizon from then on.
The key question is whether ES(1) lies outside the event horizon, or not.
• Case 1: Bright. If ES(1) lies outside the event horizon, the situation is
as shown in Figure 9. There is an event ES(*) where the ES crosses the
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event horizon, at time t∗. Radiation emitted between times t1 and t∗ will
escape to infinity. Radiation emitted after time t∗ will be trapped, and
end up on the singularity. Then define
∆temit := t∗ − t1 > 0. (53)
• Case 2: Dark. If ES(1) lies inside the event horizon (not shown), almost
all the radiation emitted will be trapped, and end up on the singularity.
Then define
∆temit := 0. (54)
If ∆temit > 0, then radiation is emitted to infinity and, as seen from the exterior,
this process never ends: collapse is always taking place and radiation is always
being emitted by the black hole (albeit its intensity dies away dramatically with
time due to redshifting). However the externally perceived mass does not die
away to zero. The final mass cannot be affected by the Hawking radiation pro-
cess at late times (t > t∗), when the radiation process in effect transfers mass
from the infalling fluid to the future singularity rather than to infinity. The
black hole therefore does not evaporate: it remains in eternal existence (as seen
from the outside) even though the fluid collapsing to a future singularity may
get completely radiated away (as seen on the inside).
If ∆temit = 0, then no radiation is emitted to infinity. As seen from the
exterior the mass remains constant. The radiation process will indeed be taking
place, but it will be an internal process that will not be visible from the exterior.
The initial mass m0 of the star decreases by the amount of radiation ∆memit
emitted in the interval ∆temit if ∆temit > 0 and by zero if ∆temit = 0. The
final mass of the black hole is
mfinal := m0 −∆memit (55)
and the mass measured from the exterior never decreases to less than this
amount, even though the externally received radiation never comes to an end,
as seen from the outside if ∆temit > 0.
Of course the real situation is more complex: emission does not take place on
a precise surface, but in a local domain about that surface; and in any case the
particle concept is suspect. The Emission Domain is centred on the Emission
Surface but is larger. Hence in the case labelled Dark, some of the Emission
Domain surrounding the Emission Surface will intrude into the domain outside
the event horizon, and succeed in emitting radiation that escapes to infinity.
But ES(1) would have to be quite close to the event horizon for this to be the
case.
To find out what the outcome is will require a full quantum field theory
calculation of the radiation stress tensor, taking into account any backreaction
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effects on the location of the event horizon, that determines if any radiation es-
capes or not. This will depend on the physics that determines an effective ∆temit
and the degree to which the radiation emission is localised around the emission
surface and lies beyond the event horizon, and hence determines ∆memit.
5.6 Astrophysical Black Holes do not evaporate
After an initial burst of radiation, mass loss due to the Hawking radiation pro-
cess occurs from the collapsing star to the future singularity FS, not to infinity.
The Hawking process thus cannot cause mass loss from the FS, which rather is
partially caused by that radiation. Most of the mass does not vanish in a pop.
It just eternally sits there in the FS after all the mass of the star has radiated
away and been deposited partly at infinity but mostly in the FS.
The final conclusion is that despite a burst of radiation that may occur, black
holes are eternal, when we take Hawking radiation into account. They may or
may not radiate to the outside world; that is a subject for research. There is
in any case a residual mass mfinal given by (55) that never goes away. The
mass measured from the exterior never decreases to less than this amount, even
though any externally received radiation never comes to an end, as seen from
the outside. This conclusion is in agreement with work by Vilkovisky ([41]-[43])
obtained by very different means. He concludes,
“Black holes create a vacuum matter charge to protect themselves
from the quantum evaporation. A spherically symmetric black hole
having initially no matter charges radiates away about 10% of the
initial mass and comes to a state in which the vacuum-induced charge
equals the remaining mass.‘”
This conclusion may well be compatible with what is presented here.
The argument in the present paper is based in two key features: firstly the
claim that Hawking radiation is emitted locally near timelike MOTS surfaces, as
indicated in Figure 5; and secondly the recognition that such surfaces occur at
the surface of the collapsing star after the initial closed trapped surface IMOTS
forms, as shown in Figure 2. The rest follows from this, and is summarised in
Figure 8. Although the context for discussion has been spherically symmetric
collapse, the result is likely to be stable for any collapse that leads to the forma-
tion of closed trapped surfaces. Thus the argument is based in general relativity
considerations, modified by allowing for semiclassical backreaction. It applies
to astrophysical black holes, whose horizon will at all times be much greater
than the Planck scale, so quantum gravity considerations should not alter the
conclusion.
Nevertheless there may be counter arguments from the string theory side as
follows (I thank Matt Visser for this comment):
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“If there are stable remnants, then by standard arguments they must
store a large fraction of the Bekenstein entropy of the black hole they
originated from; but this means they have an enormous number of
internal states; but then in any scattering process virtual remnants
must dominate — since the propagator is enhanced by a degeneracy
factor exp(Sremnant) which will (allegedly) overwhelm any Planck-
scale suppression.”
But these states are not accessible to the propagator. They have left spacetime,
and so cannot be included in any propagator calculated from within spacetime;
that is the essential nature of a singularity, which these arguments do not take
seriously. Additionally, this argument requires you to believe standard QFT
holds for super-Planck scale black hole remnants. This seems highly question-
able. Indeed if it were true, it is not clear why one needs a full quantum gravity
theory. At least from a general relativity viewpoint, this counter argument fails
to be convincing. The result should hold.
6 Implications
If this account is correct, it will have implications for various current debates
regarding black holes.
6.1 Black hole thermodynamics
As explained above, the key point is that the ES after a while enters the event
horizon. All later emitted radiation falls into the singularity rather than going
to infinity. Hence there may be a burst of radiation that escapes to infinity
while the ES is outside the event horizon, but the rest does not, it is trapped.
An outside observer may see radiation always being emitted, but the black
hole mass (from the outside) asymptotes to a finite positive value, as do the
temperature and entropy. Inside, the matter can be radiated away to zero, with
no limit on the associated Hawking temperature: but this radiation does not
escape to infinity, it ends up in the singularity The Hawking radiation is there
all the time, and the black hole never goes away.
6.1.1 The laws of black hole thermodynamics
What about the laws of black hole thermodynamics? The area, angular momen-
tum, and charge of the black hole can be measured at the spacelike OMOTS
surface [1]. When matter or radiation falls in, there are changes δA, δJ, δQ in
these quantities. These changes obey the three laws of black hole thermody-
namics ([2], [22]:23-25):
• Second Law : δA ≥ 0 ([1]: Section I.)
• First law : δE = κ8pi δA+ ΩδJ + ΦδQ ([1]: (20)).
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• Zeroth Law : κ is the same everywhere on the horizon of a time independent
black hole.
The key point here is that one can calculate the mass and angular momentum of
a black hole for the case of an isolated horizon, that is an apparent horizon: one
does not need an event horizon per se. The argument is detailed in [1] and in
[11], where numerical methods for this purpose are given. The OMOTS surface
is accessible to external observers and this is where one can determine the mass
and angular momentum of the black hole [11] (the bad news is that an observer
just outside the OMOTS surface will be inside the event horizon and so won’t
be able to get that information out; but we won’t pursue that issue here).
These laws will remain unchanged ([1], [29]). The Hawking radiation is there
all the time while the black hole settles down to a finite size which corresponds to
a specific final entropy. The new point is that there is a remnant zero point mass
mfinal when you have got rid of all the disposable energy. One can think of this
as an analogue of all the other zero point energies that occur in quantum theory.
Black holes are paradoxical in that, by (23), as the entropy goes down, the
temperature goes up. If there is a form of the third law that might hold in the
current context of uncharged black holes, it must hold as regards the entropy
rather than the temperature. The issue in entropy terms is that most thermody-
namics is affected by entropy differences as opposed to absolute entropies [26];
absolute entropies are relevant only as regards the third law of thermodynamics.
On the standard view, the entropy decays to zero, which is the minimum al-
lowed value, because the black hole mass and hence surface area decay to zero;
but that is no longer true in the presently considered situation. In the case
envisaged, an uncharged black hole entropy cannot go to zero. This suggests a
new kind of Third Law for this case of uncharged (hence non-extremal) black
holes:
• Third law for uncharged black holes: It is impossible for the Hawking
radiation process to reduce the entropy of a black hole to zero.
The value mfinal that remains determines the residual entropy of the system,
which will be given by (22):
SBH(final) = 4pim
2
final. (56)
This depends on the value ∆memit, which in turn depends on the value ∆temit,
which follows from the physics in two ways: firstly, how far outside the MOTS
surface is the emission surface ES? Secondly, how far outside the Initial Null
Surface is the event horizon? There may well be some fundamental formula
determining these quantities.
6.1.2 The quantum case
An important development in black hole thermodynamics was the discovery of
Hawking radiation just as needed to relate the above laws to the idea of tem-
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perature. It is not clear how the proposal here relates to that issue, and so to
the overall consistency of the thermodynamic picture when Hawking radiation
occurs.
Malcolm Perry comments (personal communication) that the problem may
be deeper:
The real Einstein equations are not given by
Einstein tensor = Expectation value of the energy-momentum tensor (*)
but rather
Einstein tensor = Energy-Momentum tensor as an operator expression.
Thus the gravitational field is the superposition of a whole collection
of things that might well have no relation to the classical ones. The
hydrogen atom being one example. It is a hope that the semi-classical
one (*) is a good and consistent approximation. It might be, but from
what you are saying I suspect not as I have a hard time ditching the
thermodynamic interpretation, at least in its low temperature limit.
I will not pursue that issue here.
6.2 Astrophysical implications
Permanent astrophysical black holes remain after a finite amount of mass ∆memit
has been radiated away before the star disappears behind the event horizon (as
seen in its comoving frame). Seen from outside, it will never disappear, and
black holes will never dispose of their total mass into the universe: a mass
mfinal will remain. Thus the amount of radiation one might expect to detect
from black hole evaporation processes will be less than thought before; indeed
it may be very small.
It is the apparent horizon that matters for these purposes, not the event
horizon. In this regard black holes can be treated as local objects ([1], [11]),
and you don’t have to worry about the far future fate of the universe in order
to know what happens. That is good news. As stated by Visser [45],
“Remember that to define the event horizon you need to know the
entire history of the spacetime out to the infinite future; you should
be a little alarmed if the question of whether or not a black hole is
radiating now depends on what it is doing in the infinite future.”
Luckily this seems not to be the case. In particular, calculations of black
hole mergers can be done on a local basis; they do not need to rely on the
non-locally determined position of the event horizon. This argument gives sub-
stantial support to the main technical point on which this paper is based: that
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the radiation must be emitted at a dynamical horizon and not the event horizon.
Because the evaporation times of astrophysical black holes are so long, the
astrophysics of black holes will be unaffected. Their crucial role in many aspects
of high energy astrophysics [3] is unchanged. However Larena and Rothman [25]
point out the remnants of primordial black holes might be back hole candidates.
and the detection properties of primordial black holes ([7], [8]) will be different.
The issue to be explored is if the ideas presented here also apply in some form
to primordial black holes. That is an issue for future research.
6.3 Theoretical Implications
This viewpoint has obvious implications for the current debates on the informa-
tion loss paradox.
Is there information loss? ([18], [19], [28], [15]). Yes indeed ([22]: 59, 63).
Gravity is a non-linear theory with spacetime singularities: information falling
into them is inevitably lost. Any matter or information falling in through the
event horizon disappears into the permanent spacelike singularity, which does
not go away and can act as a sink for an arbitrary number of microstates. As
no radiation is emitted outwards from the singularity to infinity (because it is
spacelike), no information can be carried out of the black hole from the singu-
larity by any such radiation. Because there is a permanent relic, just as in the
case Maldacena and Horowitz [24], there is no information loss paradox.
Conclusion: Infalling matter and information falls into the singularity and
is destroyed there. It cannot be re-emitted by Hawking radiation from there
as no Hawking radiation from there reaches infinity. Microstates are swallowed
up by the singularity. From the outside, the black hole acts as an absorbing
element, so scattering off it should not be expected to be unitary (energy will
not be conserved at the event horizon). Additionally, the astrophysical context
indicated here (specifically, the presence of the CMB radiation) causes rapid
decoherence, so entanglement across the horizon [28] is rapidly lost [38] and
associated problems will therefore dematerialize.
The key assumptions leading to this conclusion are,
• Hawking radiation is locally rather than globally determined; thus radia-
tion emission happen in response to a local MOTS rather than the global
causal limits associated with an event horizon;
• The MOTS associated with radiation emission will be timelike, and conse-
quently will have a Outward Null Converging (ONC) region to the exterior
and an Outward Null Diverging (OND) region to the interior. Thus it will
be an EMOTS rather than an OMOTS
If these assumptions are wrong, the outcome may be different.
48
7 Conclusion
All this needs to be checked, and further development considered. Specific issues
are,
• Checking whether the Main Hypothesis (Section 4.5) is indeed correct.
• Determining if Case 1 (Bright) or Case 2 (Dark) occurs (Section 5.5).
• Determining what is the value of the remnant mass mfinal, and so final
entropy. This depends on calculating the relation of the Emission Domain
to the MOTS surface, and how much of the Emission Domain remains
outside the event horizon, and so determines ∆memit.
• Considering other geometries: is the result stable to rotation? To perturbed
black holes? The nature of the arguments given here suggest it probably
is.
• If later mass shells fall in, what happens? This should make no difference:
just apply the above argument after the last mass shell has fallen in.
• How does this relate to the Hawking evaporation process for primordial
black holes? This is unclear, but is obviously worth pursuing. The key
question will be how one relates the CMB radiation to primordial black
holes.
• The above analysis assumes the size of the black hole is much greater than
the de Broglie wavelength of the radiation (c.f. [15]). The situation will
clearly be different when that is not true [28]: what will happen then?
• The view put here might impact the viewpoint on black holes in a full
quantum gravity theory. That will depend on the theory envisaged.
The argument above is based on the broad nature of the processes at work, plus
a careful delineation of the relevant causal domains; detailed calculations of
back reaction effects are necessary in order to confirm this model and determine
details of the outcome. They may lead to a quite different picture; Gary Gibbons
comments (private communication)
Much of what you say hinges on the idea that in QFT particles ex-
ist in a local sense and can be localised to spatial or spatio-temporal
regions. This certainly seems fishy in the case of Hawking radiation
where, according to the formula T = 1/8piM the typical thermal wave
length is comparable in size to the region they originated from. One
may at best speak of the expectation value of the stress tensor, and
even for this, dispersion (root means square values) will be compara-
ble. The particles only emerge when the flux has escaped to infinity
and one has time to localise them. In fact one expects that even the
metric fluctuates, there is no single metric and this also makes the
idea of localisation suspect.
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Readers of this paper should keep that comment in mind in assessing if its re-
sults are valid.
The bottom line is twofold. Firstly, Figure 7 is much more plausible the
Figure 4; and this is because it takes seriously both the backreaction effect of
the radiation process on the position of the emission surface and the marginal
trapped surfaces (Section 5.1), and the local nature of that emission process.
The latter is required in order that local astrophysical calculations of black hole
properties make sense (see the Visser quote in Section 6.2).
Secondly, even if details of what is presented here are unrealistic or the model
is dubious, what this discussion shows is that if any of the Hawking radiation
falls into the singularity, it is unlikely that it can then evaporate away; and
then the broad picture presented here will be correct. And even if one changes
many details, for instance abandoning a particle model, it is unlikely that all
the Hawking radiation can avoid a singular fate of this kind. Then the main
result will be vindicated.
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Appendix: The Emission Process
The emission process can be viewed in particle terms, but it is then necessary
to re-express it in terms of the effective energy momentum tensor. The process
will be considered here for the case of a timelike EMOTS surface; the null
case is degenerate and will not necessarily reflect what happens in a realistic
astrophysical context.
7.1 Particle picture:
A virtual pair gets converted to a real pair by the intervention of a barrier:
in this case, a local trapping horizon (the EMOTS). The left particle tunnels
through and becomes real; that causes the other to also become real as the
antiparticle of the first, in a version of the EPR paradox (the right hand parti-
cle changes when the left hand one tunnels). This second event is outside the
horizon.
Figure 10a shows this picture. The vacuum is continually emitting virtual
particle pairs, but they usually just recombine with no remnant particles left
behind. Thus the unconstrained vacuum seethes and bubbles but does not emit
particles. This all changes when a separation barrier of some kind is introduced.
One particle crosses the barrier and is then unable to return to pair up with
its mate; they become real particles. Such emission depends on conditions in a
volume δV near the trapping surface, so it is not a pointlike process; nevertheless
the emission of the pair can be associated with the event E where the virtual
pair originated. This event is outside the EMOTS, as is the event where the
righthand virtual particle pops into existence as a real particle. The volume
δV is chosen as the smallest volume that encompasses the whole process, as
seen form the frame of an observer with 4-velocity chosen to be the timelike
eigenvector of the Ricci tensor. This is then the emission domain for that
process.
7.2 Stress tensor version
This tunneling event is reflected in a bifurcation in the effective stress tensor,
which is also a non-local event.
Consider a volume ∆V locally bounded by future directed and past directed
null cones (Figure 10b). This boundary is chosen to be null so that there is
no confusion about what is incoming and what is outgoing radiation. Incoming
radiation crosses the lower surface, outgoing radiation crosses the upper surface.
In a situation as in Figure 10a where there is initially no incoming radiation
(this is the definition of the initial vacuum state), if the process just described
takes place within ∆V , this results in opposite outgoing energy flows as judged
54
Figure 10: Radiation emission processes 
 
 
 
 
 
 
 
 
 
(a) The particle picture. A timelike separation barrier allows tunnelling that separates  
particles and so turns virtual particles into real particles. 
 
 
 
 
 
 
 
 
 
(b) The energy-momentum tensor picture. Left, no incoming radiation (vacuum)  
but balanced outgoing energy (energy conservation). Right, the amount of  
incoming radiation is incremented by a balanced amount.  
A (timelike) separation barrier 
turns a virtual pair into a real pair 
 
The minimal volume element within 
which particle production takes place.   
E 
No incoming radiation Incoming radiation 
δV 
Figure 10: Figure 10
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by the stress tensor. The process is localised within the volume ∆V .
In a situation where there is incoming radiation as in Figure 10b, a tunneling
process as in Figure 10a will result in enhanced outgoing radiation. The test
that an emission event has taken place is that such a change in the stress tensor
occurs. The volume ∆V should be chosen as the smallest volume in which such
a change takes place.
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